Preoperative preparation of working models of the skull and free bone flaps using the digital print technology and photocured polyacrylic resins may be of a great benefit to the patient, for whom a virtual resection and reconstruction procedure may be planned in detail and performed. The purpose of mid-facial reconstruction using 3D models is to plan a functional mid-facial reconstruction procedure in order to restore supportive function of intraorbital structures and to make placement of dental implants and further prosthetic rehabilitation possible. Maxillary and mid-facial reconstruction using a free fibula flap based on a three-dimensional working model was performed in a patient diagnosed with a squamous cell carcinoma of the left maxillary sinus penetrating to the orbit, the ethmoid complex, and the pterygopalatine fossa. The use of three-dimensional polyacrylic models allowed for detailed preoperative planning and a virtual resection and reconstruction procedure with a highly satisfying functional and cosmetic effect. A procedure based on methods discussed here may be significantly shorter and more precise.
Due to complex three-dimensional structure of the mid-facial skeleton resection procedures due to malignancies require thorough, detailed planning of facial reconstruction, taking into account reconstitution of all primary features and functions of this area. Preoperative preparation of working models of the skull and free bone flaps using the digital print technology and photocured polyacrylic resins may be of a great benefit to the patient, for whom a virtual resection and reconstruction procedure may be planned in detail and tested in several variants, without any harm for the patient or time loss during the actual procedure. In addition, materials used for preparation of the models are easily shaped and sterilised (1) .
It should be stressed that application of solutions discussed here is also of much benefit for the surgeon, who may precisely plan the reconstruction procedure in advance and therefore avoid the necessity of making quick decisions during the operation. Even for a high-class specialist the possibility to assess thoroughly the defect and bone material available, as well as to think over and test the best solution for three-dimensional stabilisation of a free flap is of significant advantage. An additional benefit of this method is the possibility of team work with the model, which reduces the risk of misunderstanding between specialists and allows for wide, even remote consultation (e.g. using telemedicine or videoconference methods).
Reconstruction and microvascular surgery involves a range of complex, often multi-stage methods for reconstruction of soft tissue, bone, blood vessels and nerves previously resected with the malignant tumour. The purpose of such surgical procedures is to reconstruct the anatomic and topographic relationships and to achieve the optimal functional and aesthetic effect (2, 3) .
Microvascular flaps containing bone elements and used in mid-facial reconstruction procedures include:
Fibula flap A long pedicle of the flap is made of peroneal vessels of large diameter (> 2.5 mm). Due to periosteal vascularisation of the fibula the bone may be freely shaped by means of multiple osteotomy in order to achieve smooth lines and obtain a three-dimensional model reflecting the resected part of a maxilla. Since the skin island may be large or multiple islands may be planned (with intraor extraoral orientation), and the flap may contain muscular elements, resected soft tissue of the cheek or palate may also be reconstructed, the resection site may be separated from intracranial structures, or the exenterated orbit may be filled. In addition, the fibula may form an excellent bed for dental implants, improving the final functional and aesthetic effect.
Iliac crest flap
This flap may contain bone, muscle and bone, or the skin, subcutaneous tissue, muscle and bone. The area supplied by the deep circumflex iliac artery offers a large volume of soft tissue and bone. A relatively long (6-10 cm) vascular pedicle of medium vascular diameter (1.5-3 mm) makes effective vascular microanastomosis possible. The main advantage of this flap is excellent quality of the bone and the outline of the iliac crest, which in certain cases allows for adequate reconstruction of the resected frontal wall and the alveolar process, and subsequent placement of dental implants. The possibility to obtain soft tissue (skin and muscle) with this flap makes reconstruction of soft tissue structures possible, similarly to the fibula flap. However, the lack of segmental vascularisation of the bone and a massive skin island are associated with certain limitations and this kind of flap may be used only in selected cases of mid-facial reconstruction.
Scapular flap
This flap is supplied by the subscapular artery and its ramifications. A lateral segment of the bone (approximately 14 cm long), due to the triangular shape of its cross-section, may be used for reconstruction of the bone palate and the inferior orbital wall. Both bone segments may be combined to form a U-shaped structure and thus allow for reconstruction of the whole mid-facial skeleton. This, and the possibility to obtain a skin island containing subcutaneous tissue, makes the scapular flap a solution often selected for reconstruction procedures after extensive maxillary resection. The main advantages of this flap are: the possibility to shape the bone precisely, high mobility of its components and the possibility of primary closure of the donor site. However, the procedure of flap harvest is difficult and requires the change of the patient's position, which -as opposed to the fibula or iliac crest flap -precludes simultaneous work of the resection team and the reconstruction team. In addition, a relatively short vascular pedicle often must be lengthened using venous grafts.
The purpose of mid-facial reconstruction using 3D models is to plan a functional midfacial reconstruction procedure in order to restore supportive function of intraorbital structures and to make placement of dental implants and further prosthetic rehabilitation possible.
This is usually performed in the following stages: -analysis and processing of the patient's CT data, -selection of skeletal elements to be reconstructed in a form of a three-dimensional model, -advanced image segmentation, automatic and manual, using a specialist software package, -conversion of the obtained data into a threedimensional model, -transformation of the three-dimensional model into a form, in which it may be further processed using specialist software for digital printing,
-printing of the model including the area to be resected and the bone flap planned for the reconstruction procedure. The three-dimensional models are then used to plan and perform cutting of bone elements adequately to the planned resection procedure. Subsequently, the three-dimensional model of the bone flap is appropriately shaped, taking into account the adjacent anatomic structures (the vascular pedicle and the soft tissue islands), and placed in the resected area of the working model. Prior to the operation the working models are sterilised. Bone elements of the free flap are resected and shaped in the operation field strictly according to the working models shaped previously.
CASE REPORT
A 72-years-old man was admitted as planned due to squamous cell carcinoma of the left maxillary sinus, confirmed by histopathological examination of a biopsy specimen ( fig. 1) .
A preoperative MRI scan revealed the following findings: the left maxillary sinus was nearly completely filled with pathologic masses, which to the back and upwards entered the left pterygopalatine fossa, containing no normal-looking adipose tissue. The lateral outline of the maxillary sinus was blurred, with signs of pulling. The picture suggested that the pathological mass destroyed the maxillary wall and infiltrated the orbit and the cheek. In the left ethmoid complex there were also tissue densities visible, and destruction of the lamina between the ethmoid and maxillary sinus and the presence of pathological masses in the The following three-dimensional models were prepared for the patient: 1) mirror image of the right maxilla, 2) the right and left maxilla, 3) a fragment of the Iliac ala, 4) the fibula ( fig. 3, 4, 5) .
After initial analysis of the patient's condition and bone geometry, including the use of 3D models, it was decided to use a free fibula flap for the reconstruction of the maxillary bone. Prior to the operation the model of the fibula was cut in several places and shaped to form the test frame for reconstruction of the post-resection defect ( fig. 6, 7a,b) . The resection was performed as follows: after a left temporal incision, the temporal vessels were identified and a skin flap was . Three-dimensional model after a virtual bone resection and reconstruction of the defect using an adequately shaped fibula flap with preserved symmetry of the curves Fig. 7a . Three-dimensional model after a virtual bone resection and reconstruction of the defect using an adequately shaped fibula flap formed. As the tumour infiltrated the basal part of the temporal muscle, the muscle was removed. The greater wing of the sphenoid bone and the lateral orbital wall were removed. The orbital base along with the cone and the pterygoid process of the sphenoid bone were cut off. The Diffenbach-Weber-Ferguson incision was applied to form a cheek flap to the subtemporal region. The maxilla was cut off extraorally in the median line, mobilised, and removed along with the pterygoid process, the orbital contents and the ethmoid complex in one tissue block. Using the shaped polyacrylic 3D model a left free fibula flap was made and the bone was shaped by means of osteotomy in accordance with the working model. Vascular microanastomoses with the left temporal vessels were made. Muscular elements of the fibula flap reconstructed the palate, soft tissue elements -the outline of the mid-face, and the bone -the frame of the resected maxilla.
The use of three-dimensional polyacrylic models allowed for detailed preoperative planning and a virtual resection and reconstruction procedure. The reconstruction with a microvascular free flap using a 3D model made it possible to shorten the procedure significantly and to increase its precision, which was confirmed by the post-operative CT scan and clinical assessment of facial symmetry ( fig. 8a,b, 9) .
DISCUSSION
At present, technological progress and increased precision of radiological imaging allow Fig. 9 . The patient after a left mid-face resection and reconstruction procedure for detailed planning of resection and subsequent reconstruction. In addition, creation of virtual three-dimensional pictures and printing of 3D models of bone elements make it possible to prepare in detail the resection and reconstruction procedure and perform it using synthetic models, prior to the actual operation. A wide range of reconstruction methods allows for optimum selection of the option which brings about the best available functional and aesthetic effect. In selection of the appropriate reconstruction method the localisation, size and nature of the defect, as well as predictable deformation and functional damage to the donor site, the risk of complications, and the patient's age, general condition and expectations should be taken into account (4).
Extensive mid-facial resection usually involves removal of bone structures en bloc. Anatomically, these structures affect the outline and symmetry of the face, provide support for the organ of vision, separate structures of the nasal cavity and the cranial cavity from the oral cavity environment and make prosthetic rehabilitation possible (5) . In case of subtotal or total maxillectomy mid-facial bone frame needs to be reconstructed. This requires selection of an appropriate flap, in which mobile bone, muscle and skin elements are used to reconstruct the alveolar process of the maxilla, the zygomatic arch, the lateral wall of the nasal cavity, the palate and/or the cheek. Free bone flaps meet these requirements (6, 7) . Depending on the volume of resected soft tissue and the extent of bone resection, the free fibula or iliac crest flap are selected (8) (9) (10) (11) (12) . For extended maxillectomy, in which resection involves also structures of the cranial base, the lower face, and/or facial skin, there is no established standard and the reconstruction method is selected individually. However, the flap most often used in this area is a multi-element fibula flap which, due to the possibility of preparation of several, independently mobile skin and muscle islands, based on individual perforator vessels, makes it possible to reconstruct large post-resection defects.
So far, planning of the reconstruction procedure was based on data obtained by means of computed tomography and the experience of a team of specialist physicians. Reconstruction of bone elements was planned using only CT data and sometimes manual sketches, while the elements themselves were shaped in the operation field. Preparation of a free flap required much imagination of the person performing the procedure, as well as high precision and manual skills.
Modern planning of such procedures involves the use of engineering methods in order to prepare tools for assistance in the physician's work, i.e. planning and performing of a virtual resection and reconstruction procedure out of the operation field. Such engineering work requires specialist knowledge in the field of analysis and processing of tomography data, their conversion and calculation of numeric data into a form, which may finally be used for 3D print (13). Using this method models of skull fragments containing the areas to be resected, as well as bone elements of free flaps which, adequately shaped, will reconstruct the resected area, may be printed. The advantage of reconstruction using 3D models is shortening of the surgical procedure and the possibility to plan bone reconstruction deep in the resected space, where direct planning in the operation field is difficult.
